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6 Abstract 

An experimental investigation was conducted to determine the effect of low-
velocity impact damage on the compressive strength of graphite-epoxy hat-stiffened 
panels. Fourteen panels, representative of minimum-mass designs for two compres
sion load levels (0.53 MN/m (3000 lbf/in.) and 1.58 MN/m (9000lbf/in.)), were 
tested. Eight panels were damaged by impact and the effect on compressive 
strength was evaluated by comparing the results with data for control panels. 
The impact tests consisted of firing 1.27-cm-diameter aluminum projectiles normal 
to the plane of the panel at a velocity of approximately 55 m/s to simulate 
impact damage from runway debris. 

The results of this investigation indicate that the extent of damage in the 

high-axial-stiffness region of both panel designs increased with the magnitude of 

applied axial load. The damage in panels designed for 0.53 MN/m at a strain of 

0.0034 was local and the damaged panels were capable of carrying the design load. 

The panels designed for 1.58 MN/m at a strain of 0.0080, however, failed due to 

impact damage at applied axial strains 50 to 58 percent of the design level. The 

existence of, and not necessarily the extent of, damage in the high-axial-stiffness 

region was the most significant factor in reducing panel strength. Limited damage 

that was not visually detectable reduced ultimate strength as much as extensive 

visible damage. 
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EFFECT OF LOW-VELOCITY IMPACT DAMAGE ON THE COMPRESSIVE STRENGTH 


OF GRAPHITE-EPOXY HAT-STIFFENED PANELS 


Marvin D. Rhodes, Jerry G. Williams, 

and James H. Starnes, Jr. 

Langley Research Center 


SUMMARY 


A n  experimental investigation was conducted to determine the effect of 
s 	 low-velocity impact damage on the compressive strength of graphite-epoxy hat-


stiffened panels. Fourteen panels, representative of minimum-mass designs 

for two compression load levels (0.53 MN/m (3000 lbf/in. and 1.58 MN/m 

(9000 lbf/in.)), were tested. Eight panels were damaged by impact and the 

effect on compressive strength was evaluated by comparing the results with 

data for control panels. The impact tests consisted of firing 1.27-cm-diameter 

aluminum projectiles normal to the plane of the panel at a velocity of approxi

mately 55 m/s to simulate impact damage from runway debris. 


The results of this investigation indicate that the extent of damage in 

the high-axial-stiffness region of both panel designs increased with the magni

tude of applied axial load. The damage in panels designed for 0.53 MN/m at a 

strain of 0.0034 was local and the damaged panels were capable of carrying the 

design load. The,panelsdesigned for 1.58 MN/m at a strain of 0.0080,however, 

failed due to impact damage at applied axial strains 50 to 58 percent of the 

design level. The existence of, and not necessarily the extent of, damage in 

the high-axial-stiffness region was the most significant factor in reducing 

panel strength. Limited damage that was not visually detectable reduced ulti

mate strength as much as extensive visible ‘damage. 


INTRODUCTION 


The most efficient hat-stiffened graphite-epoxy compression panels have 
been shown to be approximately 50 percent lighter than the most efficient 
stiffened aluminum compression panels (refs. 1 and 2 ) .  This mass reduction 
makes graphite-epoxy panels attractive candidates for aircraft applications, 
but before they can be used in commercial service certain operational hazards 
must be considered. Aircraft can be subjected to impact damage, for example, 
and the effects of such damage must be established. Low-velocity impact damage 
has been shown to cause significant reductions in the load-carrying capability
of some thin, honeycomb-stabilized, graphite-epoxy laminates (refs. 3 and 4).
The effect of impact damage on stiffened compression panels, however, has not 
been assessed. 

This paper presents the results of an exploratory test program to deter

mine the effect of low-velocity impact damage on minimum-mass hat-stiffened 

compression panels. The panels were designed for two different compression 




l oads  (0.53 MN/m (3000 l b f / i n . )  and 1.58 MN/m (9000 l b f / i n . ) )  w i th  buckl ing as 

t h e  primary design c o n s t r a i n t .  The test r e s u l t s  presented  i n c l u d e  data f o r  

c o n t r o l  pane ls  (undamaged pane l s  and a panel  w i th  a 1.27-cm-diameter c u t o u t )  

and d a t a  f o r  impact-damaged pane l s .  The undamaged pane l s  were used t o  v e r i f y  

t h e . d e s i g n  and e s t a b l i s h  c r i t i ca l  s t r a i n  l e v e l s  f o r  compression loading .  The 

panel  wi th  t h e  1.27-"diameter c u t o u t ,  which s imula ted  l o c a l  damage, provided 

comparative data f o r  a panel  wi th  a wel l -def ined flaw. The impact-damaged 

panels  were used t o  determine t h e  e f fec t  o f  t h i s  t ype  o f  damage f o r  a range of  

app l i ed  s t r a i n .  These pane l s  were sub jec t ed  t o  impact whi le  under load  t o  

eva lua te  the effect  of  app l i ed  s t r a i n  on l o c a l  damage, and some were subse 

quent ly  loaded t o  e v a l u a t e  r e s i d u a l  s t r e n g t h .  . 


DESIGN AND FABRICATION OF TEST SPECIMENS $ 
~ 

Two d i f f e r e n t  des igns  ( A  and B )  of h igh ly  e f f i c i e n t  h a t - s t i f f e n e d  panels  I 
w i th  minimum-mass p ropor t ions  were tested i n  t h i s  i n v e s t i g a t i o n .  Design A was 

Ic r i t i c a l  i n  buckl ing a t  a load of 0.53 MN/m, which corresponds t o  an a x i a l  I 
s t r a i n  of 0.0034. Design B was more heav i ly  loaded (1.58 MN/m) and was c r i t i 
cal  i n  buckl ing a t  a s t r a i n  of  0.008. Buckling was regarded as f a i lu re  f o r  
des ign  purposes i n  both des ign  A and des ign  B. The basic conf igu ra t ion  f o r  
both ha t - s t i f fened-panel  des igns  is  shown schemat i ca l ly  i n  t h e  fo l lowing  
ske tch  : 

I 
H i  gh-a x ia1. - s t i f f n e s s  

Low-axial-s t i f fness  pane l  reg ion
panel  reg ion  

Sketch ( a )  
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Specimen Design 

Panels  were designed us ing  a minimum-mass s y n t h e s i s  computer program 
t h a t  inc ludes  buckl ing and s t r e n g t h  c o n s t r a i n t s  (ref. 5 ) .  The e las t ic  mate
r i a l  p r o p e r t i e s  used i n  panel  des igns  are g iven  i n  table I. The buckl ing con
s t r a i n t s  accounted f o r  simply supported wide-column Euler  buckl ing as well as 
l o c a l  buckl ing,  t h a t  is, short-wavelength pane l  buckl ing of  t h e  s k i n ,  s t i f f e n e r  
caps ,  and webs. The bending s t i f f n e s s  requi red  f o r  wide-column Euler  buckl ing 
is p r imar i ly  provided by the  h igh -ax ia l - s t i f fnes s  r eg ions  i n  the  cap o f  the  
hat and i n  the  s k i n  beneath the ha t  which con ta in  Oo p l i e s .  (See sketch ( a ) . )  
The webs and the  s k i n  between s t i f f e n e r s  have low a x i a l  s t i f f n e s s  and c o n s i s t  
e n t i r e l y  of  ang le  ( + e )  p l i e s .  (See sketch ( a ) . )  The c r i t i ca l  Euler-buckling 
design l eng th  f o r  both panel  t ypes  is 76.2 c m .  Specimens tested i n  t h i s  

4 	 i n v e s t i g a t i o n  were 43.7 cm or less i n  l eng th  and, t h e r e f o r e ,  were c r i t i c a l  i n  
l o c a l  buckling. 

Design A , - Details of  t h e  c r o s s  s e c t i o n  of the panels  designed t o  c a r r y  
a load  of  0.53 MN/m are presented  i n  f i g u r e  l ( a ) .  A t  t h i s  design load the  
panels  had an imposed a x i a l  s t r a i n  of  0.0034. The ang le  p l i e s  i n  t h e  webs and 
s k i n  were o r i en ted  a t  k52O. The f i n a l  design mass p e r  u n i t  area was 3.56 kg/m2 
(0.73 l b m / f t 2 ) .  Both three-s t i f fener -wide  and four -s t i f fener -wide  panels  were 
tested i n  t h i s  i n v e s t i g a t i o n .  Test panel  dimensions ( p a n e l s  A I  t o  A5) are 
given i n  table  11. 

Design B.- Details of t h e  c r o s s  s e c t i o n  of the  panels  designed t o  c a r r y  
a load of  1.58 MN/m are presented i n  f i g u r e  l ( b ) .  A t  t h i s  design load the  
pane ls  had an imposed a x i a l  s t r a i n  o f  0.0080. The ang le  p l i e s  i n  t h e  webs and 
s k i n  were o r i en ted  a t  k45O. The panel  design mass per  u n i t  area w a s  6.10 kg/m2 
(1.25 l b m / f t 2 ) .  Both two-stiffener-wide and three-s t i f fener -wide  panels  were 
tested i n  t h i s  i n v e s t i g a t i o n .  Test pane l  dimensions (pane l s  B1 t o  B9) are 
given i n  table  11. 

The specimens tested i n  t h i s  i n v e s t i g a t i o n  were fabricated from 7.6-cm
wide preimpregnated tape of Thornel 300 graphi te  i n  Narmco 5208 epoxy r e s i n .  
The r e s i n  is a 450-K cu r ing  system and t h e  t ape  has a nominal cured th i ckness  
of 0.14 mm per  p ly .  The specimens were manufactured us ing  an aluminum t o o l  
which was machined w i t h  t h e  requi red  ha t - s t i f f ene r -des ign  c ross - sec t iona l  
dimensions. The ang le  and Oo p l i e s  for t h e  s t i f f e n e r s  were l a i d  i n  the  mold. 
Premolded t rapezoidal-shaped rubber  i n s e r t s  were pos i t i oned  i n  t he  mold and the  
s k i n  p l i e s  were l a i d  on top.  The pane l  was covered by an aluminum c a u l  p l a t e

i 	 and t h e  e n t i r e  assembly was bagged and cured i n  an au toc lave .  The cured speci
mens were then trimmed, and the  ends were po t t ed  i n  an epoxy r e s i n  and ground 

1 	 f la t  and p a r a l l e l  f o r  uniform compression loading .  Detail des ign  considera
t i o n s ,  a n a l y s i s  methods, and manufacturing procedures  are descr ibed i n  refer
ences 1 and 2. 
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--- 

APPARATUS 


The test  specimens were loaded i n  a x i a l  compression us ing  a hydrau l i c  
t e s t i n g  machine w i t h  a 1.33-MN capac i ty .  Electrical  r e s i s t a n c e  s t r a i n  gages 
were used t o  monitor pane l  s t r a i n s .  A d i r e c t - c u r r e n t - d i f f e r e n t i a l  t ransformer  
(DCDT) was used t o  monitor displacements  normal t o  t h e  s u r f a c e  of  t h e  pane ls .  
S t r a i n s ,  d i sp lacements ,  and l o a d s  were recorded on magnetic t a p e  and s e l e c t e d  
gages were monitored dur ing  t h e  test  on an o s c i l l o s c o p e .  The moirg-fringe 
method f o r  observ ing  lateral  d isp lacements  was used t o  monitor buckle p a t t e r n s  
and delaminat ion growth dur ing  loading .  The b a s i c  in s t rumen ta t ion  f o r  t h i s  
purpose included a h igh - in t ens i ty  l i g h t  source ,  a g r i d  p a t t e r n  of  20 l i n e s  per  
cent imeter  mounted on a t r a n s p a r e n t  p l a s t i c  sheet he ld  near  t h e  specimen, and 
a camera t o  record photographica l ly  t h e  f r i n g e  p a t t e r n  a t  s e l e c t e d  loads .  

The equipment used t o  p rope l  t h e  impact p r o j e c t i l e  is  shown schemat ica l ly  
i n  f i g u r e  2. A i r  p r e s su re  developed i n  the  r e s e r v o i r  r u p t u r e s  t h e  diaphragm. 
The high-pressure a i r  passes  through an o r i f i c e  and f o r c e s  the  p r o j e c t i l e  down 
the  barrel. An e l e c t r o n i c  d e t e c t o r  l o c a t e d  a t  t h e  muzzle of  t h e  barrel is  
used t o  measure the  v e l o c i t y  o f  t h e  p r o j e c t i l e .  The t e s t  pane l s  were placed 
wi th in  25 c m  of  the gun muzzle. 

Seve ra l  pane ls  w i t h  impact damage were examined w i t h  an u l t r a s o n i c  flaw 
d e t e c t o r .  The d e t e c t o r  was a focused pulse-echo type ,  h igh- reso lu t ion  commer
c i a l  instrument  which used a 15-MHz p i e z o e l e c t r i c  t r ansduce r .  The t ransducer  
and panels  were immersed i n  a tank of  water t o  provide  a medium f o r  t h e  u l t r a 
s o n i c  t ransmiss ion ,  and t h e  t r ansduce r  w a s  mounted t o  a t r a v e r s i n g  mechanism 
which au tomat i ca l ly  scanned the  reg ion  of i n t e r e s t .  The scan  was synchronized 
w i t h  an o s c i l l o s c o p e  f o r  purposes  of record ing  data.  Addi t iona l  information 
concerning t h i s  equipment and procedure can be found i n  r e fe rence  6 .  

TESTS 

Tests were conducted on undamaged pane l s  and on one panel  w i t h  a c i r c u l a r  
cu tou t  t o  provide c o n t r o l  data f o r  comparison w i t h  t h e  impact-damage tes ts .  
Loading cond i t ions  and impact l o c a t i o n  f o r  each panel  tested are g iven  i n  
table 11. 

Control  Tests 

Undamaged panels . - Seve ra l  undamaged pane l s  were tested i n  compression t o  
determine t h e  c r i t i c a l  load and s t r a i n  a t  which l o c a l  buckl ing occurred.  Local 
buckl ing was def ined  us ing  the l o a d l s t r a i n  response and s t r a i n - r e v e r s a l  tech
niques .  The s t r a i n  measurements were complemented by t h e  moirg-fr inge method 
which provided v i s u a l  d e f i n i t i o n  of the buckled-mode shape. 

Panel w i t h  a cu tou t . - A h a t - s t i f f e n e d  panel  w i t h  a 1.27-cm-diameter c i r 
c u l a r  ho le  was loaded i n  compression t o  eva lua te  t h e  e f fec t  of a well-defined 
damaged area on panel  performance. The hole  was l o c a t e d  i n  the  high-axial
s t i f f e n e d  reg ion  beneath the  cap i n  the  middle  of  t h e  c e n t e r  s t i f f e n e r .  It 
was d r i l l e d  us ing  a diamond impregnated co re  b i t .  The panel  was instrumented 
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w i t h  approximately 40 s t r a i n  gages and loaded t o  f a i l u r e .  Displacements normal 
t o  the s u r f a c e  i n  the c e n t e r  of  the panel  were measured w i t h  a DCDT. The 
s t r a i n  measurements were complemented by the moirG-fringe method which provided 
v i s u a l  d e f i n i t i o n  of  the  buckled-mode shape. 

Impact-Damage Tests 

Seve ra l  pane ls  were damaged by impact i n  the  h igh -ax ia l - s t i f fnes s  reg ion  
whi le  under compression load t o  eva lua te  the  effect  of load  on impac t - in i t i a t ed  
damage. The panels  were then taken t o  higher loads  t o  eva lua te  t he  effect o f  
damage on buckl ing and r e s i d u a l  s t r e n g t h .  One panel  was a l s o  damaged by impact 
i n  the  low-ax ia l - s t i f fnes s  reg ion  i n  t h e  s k i n  between s t i f f e n e r s .  Aluminum 
spheres  1.27 cm i n  diameter were used as the impact p r o j e c t i l e .  Aluminum was 
chosen as the  p r o j e c t i l e  material because it has about  t he  same d e n s i t y  as 
common rock materials and is t h e r e f o r e  r e p r e s e n t a t i v e  of  runway debr i s .  The 
p r o j e c t i l e  impacts were normal t o  the  panel  s u r f a c e  a t  a v e l o c i t y  of about  
55 m / s .  

RESULTS AND D I S C U S S I O N  

Control  Tests 

Undamaged panels . - Three pane ls  of  design A and f o u r  of  des ign  B were 
tested i n  t h e  undamaged cond i t ion  t o  eva lua te  pane l  behavior  due t o  app l i ed
a x i a l  compressive load .  The response of each panel  t o  t h e  i n d i c a t e d  app l i ed  
l o a d ,  or  s t r a i n ,  is presented i n  table 11. The des ign  A pane ls  buckled near  
t h e  design s t r a i n  of 0.0034 and exh ib i t ed  postbuckl ing behavior .  The design B 
panels  exh ib i t ed  s t r e n g t h  f a i l u r e  near  the design s t r a i n  o f  0.0080 p r i o r  t o  
buckl ing.  Photographs of  a t y p i c a l  normal displacement  f i e l d  as ind ica t ed  by 
t h e  moirg-fringe p a t t e r n  f o r  both design conf igu ra t ions  are shown i n  f i g u r e  3. 
Test panel  A 1  ( f i g .  3 ( a ) )  has a f u l l y  developed buckle p a t t e r n  a t  an imposed 
s t r a i n  of 0.0036. Test pane l  B2 ( f i g .  3 ( b ) )  is shown a t  an imposed a x i a l  
s t r a i n  of  0.0079 which is near  the  s t r a i n  a t  which t h e  pane l  exh ib i t ed  f a i l u r e .  
The p a t t e r n  seen a t  t h e  ends of t h e  panel  is t h e  r e s u l t  of in-plane r e s t r a i n t s  
imposed by the f la t -end  t e s t  cond i t ion  ( r e f .  2 ) .  

Panel w i t h  a cu tout . - Panel  B5 w i t h  the  1.27-cm-diameter cu tou t  was 
loaded t o  f a i l u r e  i n  a x i a l  compression. Fa r - f i e ld  a x i a l  s t r a i n s  were mea
sured  during the tes t  by f i v e  s t r a i n  gages loca t ed  on a l i n e  a c r o s s  t h e  pane l ,  
6.35 c m  from the  cu tou t  c e n t e r .  The l o c a t i o n s  of t hose  gages and the  s t r a i n s  
as a func t ion  of  load are shown i n  f i g u r e  4 .  These data i n d i c a t e  a n e a r l y  
uniform far-f ie ld  a x i a l  s t r a i n  d i s t r i b u t i o n  a c r o s s  the  panel  and a l i n e a r  load-
s t r a i n  r e l a t i o n s h i p  t o  f a i l u r e .  The average of these gages is referred t o  i n  
t h i s  paper as t h e  a p p l i e d  s t r a i n .  Panel f a i l u r e  occurred a t  an app l i ed  s t r a i n  
of  0.0058 (appl ied  load of  496 kN) which is 73 percent  of  t h e  0.0080 design
s t r a i n .  

Seve ra l  s t r a i n  gages were loca ted  a t  p o i n t s  a long  a l i n e  a c r o s s  t h e  pane l  
pass ing  through the  cu tou t  c e n t e r  t o  determine the  v a r i a t i o n  i n  a x i a l  s t r a i n  
i n  the  neighborhood of the c u t o u t .  These gages were c l o s e l y  spaced near  t h e  
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c u t o u t  and one gage was loca ted  on t h e  cu tou t  free-edge s u r f a c e .  The d i s t r i b u 
t i o n  of  s t r a i n  as determined by t h e s e  gages a c r o s s  t h e  r i g h t  s ide  of t h e  pane l  
normalized by t h e  app l i ed  s t r a i n  is shown i n  f i g u r e  5. The s t r a i n s  are s e v e r a l  
times greater near t h e  cu tou t  edge than those  3 cu tou t  radi i  away and t h e r e  are 
s t e e p  s t r a i n  g r a d i e n t s  near  t h e  cu tou t  edge. Up t o  an app l i ed  s t r a i n  o f  about  
0.0034 t h e  s t r a i n  a t  t h e  cu tout  edge is approximately 4.6 times greater than 
t h e  far-f ie ld  s t r a i n .  A t  an app l i ed  s t r a i n  of 0.0034 t h e  s t r a i n  at t h e  cu tou t  
edge was i n i t i a l l y  0.016 and then dropped suddenly t o  0.012. It is  suspected 
t h a t  a l o c a l  material f a i l u r e  occurred a t  t h i s  very  high s t r a i n  l e v e l .  A t  
app l i ed  s t r a i n s  between 0.0034 and 0.0049 t h e  s t r a i n s  a t  t h e  cu tout  edge were 
only  2.4 t o  2.8 times as great as t h e  f a r - f i e l d  s t r a i n s  as i n d i c a t e d  by t h e  
r e s u l t s  shown i n  f i g u r e  5.  V 

A t  appl ied  s t r a i n s  near 0.0049 large changes i n  s t r a i n  were recorded near  dt h e  cu tou t  and no t i ceab le  panel  displacements  began t o  develop i n  t h e  v i c i n i t y  
of  t he  cu tou t .  Moir6-fringe p a t t e r n s  r ep resen t ing  t h e  normal displacement 
f i e l d  near  t h e  cu tout  are shown i n  f i g u r e  6 f o r  s e v e r a l  va lues  of  app l i ed  
s t r a i n .  A r e p r e s e n t a t i v e  moirg-fringe p a t t e r n  fo r  an app l i ed  s t r a i n  of  0.0048 
is shown i n  f i g u r e  6 ( a )  and a closeup of t h e  cu tou t  reg ion  f o r  t h i s  app l i ed  
s t r a i n  is shown i n  f i g u r e  6 ( b ) .  A t  an app l i ed  s t r a i n  of  approximately 0.0049 
a l o c a l  buckl ing displacement f i e l d  began t o  develop a t  t h e  cu tou t  edge about  
600 counterclockwise from t h e  loading a x i s .  This  displacement  f i e l d  was about  
1.0 cm long f o r  an app l i ed  s t r a i n  of  0.0050 and is shown i n  f i g u r e  6 ( c ) .  A s  
the  appl ied  s t r a i n  was inc reased ,  t he  e x t e n t  of t h e  displacement  f i e l d  
inc reased  t o  a l e n g t h  of about  1.8 cm f o r  an app l i ed  s t r a i n  of  0.0055 as shown 
i n  f i g u r e  6 ( d ) .  A t  an app l i ed  s t r a i n  of 0.0057, t h e  displacement  f i e l d  had 
r o t a t e d  counterclockwise t o  a p o s i t i o n  900 from t h e  loading  a x i s  ( f i g .  6 ( e ) )  
and extended on both s i d e s  of  t he  cu tou t .  T h i s  displacement  f i e l d  extended 
about  2 .5  cm on the  l e f t  s ide and about 2.4 cm on t h e  r i g h t  s ide  of  t h e  cu tou t  
which makes t h e  t o t a l  l eng th  of  t h i s  displacement f i e l d  approximately equal  t o  
t h e  wid th  of t h e  00 f ibe r s  i n  t h e  s k i n  under t h e  s t i f f e n e r .  The l o c a l  d i s 
placement f i e l d  propagated a c r o s s  the  pane l  ( f i g .  6 ( f ) )  a t  an app l i ed  s t r a i n  
o f  0.0058 which i n d i c a t e s  t h a t  t h e  l o c a l  behavior  p r e c i p i t a t e d  panel  f a i l u r e .  

Impact Damaged Panels  

Impact damage i n  t h e  high-axi&l:s&J.ffEss- region.- Seve ra l  pane l s  were 
damaged by impact i n  the h i g h i a x i a l - s t i f  f n e s s  reg ion  w h i l e  sub jec t ed  t o  app l i ed  
a x i a l  compression s t r a i n .  

Low a x i a l  s t r a i n  a t  impact: Test pane l s  A 4 ,  A5, and B6 were damaged by 
impact a f t e r  a small a x i a l  load  was app l i ed .  (See table 11.) A v i s u a l  exami
na t ion  of  t he  area where impact occurred revea led  no apparent  l o c a l  damage. 
A l l  t h r e e  specimens were subsequent ly  loaded t o  f a i l u r e .  Seve ra l  s t r a i n  gages 
away from t h e  impact reg ion  were used t o  monitor t h e  app l i ed  a x i a l  s t r a i n s .  
The average of t h e s e  gages is referred t o  i n  t h i s  paper as t h e  app l i ed  s t r a i n .  
The appl ied  s t r a i n  a t  fa i lure  f o r  a l l  t h r e e  test pane l s  is given i n  table  11. 

Photographs of t h e  moirg-fringe p a t t e r n  of  pane l  A 4  loaded p r i o r  t o  f a i l 
u r e  and o f  t he  fa i led  panel  are shown i n  f i g u r e  7 .  The moirg-fringe p a t t e r n  
( f ig .  7 ( a ) )  is similar t o  t h a t  of t h e  undamaged panel  A I  ( f i g .  3 ( a > > .  The dark 
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spo t  i n  t h e  c e n t e r  of t h e  pane l  is t h e  impact l o c a t i o n  where t h e  p a i n t  has  
been removed f o r  p o s t  impact i n spec t ion .  F igure  7 ( b )  i n d i c a t e s  t h a t  t h e  pane l  
f a i l u r e  region is ex tens ive  and inc ludes  t h e  impact l o c a t i o n .  The panel  was 
inspec ted  u l t r a s o n i c a l l y  p r i o r  t o  f a i l u r e ,  and a photograph .of t h e  osc i l l o scope  
record f o r  t h e  reg ion  i n  t h e  v i c i n i t y  o f  t he  impact l o c a t i o n  is shown i n  t h e  
i n s e r t  of  f i g u r e  7 ( a ) .  The area represented  by t h e  i n s e r t  is o u t l i n e d  on t h e  
photograph. The dark  area shown i n  t h e  i n s e r t  i n d i c a t e s  subsur face  damage i n  
t h e  panel .  This  area is about  6.35 c m  long and about  as  wide as t h e  reg ion  
beneath the  h a t  which con ta ins  00 p l i e s .  The r e s u l t s  of  tes ts  on panels  A4 
and A5 were similar and both pane l s  f a i l e d  a t  app l i ed  s t r a i n s  near  t h e i r  des ign  
s t r a i n  l e v e l  (0.0034).  

Photographs of t h e  moir6-fringe p a t t e r n  p r i o r  t o  f a i l u r e  and of  t h e  f a i l e d  
v 	 panel  B6 are shown i n  f i g u r e  8. A small c i r c u l a r  p a t t e r n  i n  t h e  reg ion  o f  

impact was observed wi th  t h e  moir&fringe technique i n d i c a t i n g  t h e  presence of 
l o c a l  damage. The development of  t h i s  f r i n g e  p a t t e r n  and an examination of  t h e  
panel f a i l u r e  i n d i c a t e  t h a t  t h e  impact damage p r e c i p i t a t e d  t h e  panel  f a i l u r e .  
F a i l u r e  occurred a t  an app l i ed  s t r a i n  of  0.0043 which is about  54 percent  of  
t h e  design va lue .  

Two s t i f f e n e r  s e c t i o n s ,  t y p i c a l  of those of pane l  B6, were damaged by 
impact a t  ze ro  app l i ed  a x i a l  s t r a i n  and u l t r a s o n i c a l l y  in spec ted .  I d e n t i c a l  
r e s u l t s  were obtained f o r  t hese  two s e c t i o n s .  A photographic record  of t h e  
u l t r a s o n i c  in spec t ion  is shown i n  t h e  i n s e r t  of f i g u r e  8 ( a ) .  The subsurface-
damage region is ova l  shaped and is about  2.54 cm wide by 3.81 cm long.  One 
of t h e  s t i f f e n e r s  w a s  c ross -sec t ioned  i n  t h e  region of  impact damage and 
examined microscopica l ly .  A photomicrograph of  t h e  c r o s s  s e c t i o n  a t  a low 
l e v e l  of  magni f ica t ion  is shown i n  f i g u r e  9.  This  photomicrograph r e v e a l s  
delamination i n  t h e  c r o s s  s e c t i o n  wi th  t h e  most s eve re  delaminat ion occurr ing  
on t h e  back s u r f a c e  of t h e  lamina te .  S t r i a t i o n s  or h a i r l i n e  c rack  p a t t e r n s  
through the  th i ckness  can a l s o  be observed. These c racks  converge on t h e  
po in t  of impact and are similar t o  those  p a t t e r n s  observed f o r  impact-damaged 
glass panels .  Both t h e  c racking  and t h e  delaminat ion are probably t h e  r e s u l t  
of stress waves genera ted  by t h e  p r o j e c t i l e  impact .  

High a x i a l  s t r a i n  a t  impact: Test pane ls  A3, B7, and B8 were damaged by 
impact with a h igh  a x i a l  load app l i ed .  (See table  11.) Pane l s  A3 and B7 which 
had an app l i ed  a x i a l  s t r a i n  of  0.0034 and 0.0030, r e s p e c t i v e l y ,  had a l a r g e  
region o f  v i s u a l l y  detectable damage i n  t h e  impact  area. Ins t rumenta t ion  moni
t o r i n g  app l i ed  load i n d i c a t e d  both pane ls  had s i g n i f i c a n t  load  r educ t ions  a t  
impact due t o  l o s s  i n  panel  s t i f f n e s s  ( table  11). Both were subsequent ly  
loaded t o  f a i l u r e  t o  determine t h e  pane l  r e s i d u a l  s t r e n g t h .  Panel  A3 w a s  
u l t r a s o n i c a l l y  in spec ted  p r i o r  t o  t h e  r e s i d u a l  s t r e n g t h  t e s t  and an ex tens ive  
region of  subsur face  damage was de tec t ed .  A photograph of  t h e  moire/-fringe 
p a t t e r n  of  t h e  panel  loaded p r i o r  t o  f a i l u r e  is shown i n  f i g u r e  10 (a )  where t h e  
subsurface-damage reg ion  is o u t l i n e d .  Even though t h e  damage i n  pane l  A3 is 
ex tens ive ,  it buckled a t  an app l i ed  s t r a i n  near  t h e  des ign  l e v e l  and carried 
a d d i t i o n a l  load after buckl ing similar t o  t h e  undamaged panels .  The panel  
f a i l e d  i n  t h e  reg ion  o f  t h e  impact damage ( f i g .  10(b)) a t  an app l i ed  s t r a i n  
of  0.0037. Comparison o f  pane l  A3 with  panels  A4 and A5, a l l  o f  which were 
designed f o r  a load  o f  0.53 MN/m a t  an a x i a l  s t r a i n  o f  0.0034, i n d i c a t e s  t h a t  
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t h e  e x t e n t  of  t h e  subsur face  damage d i d  no t  s i g n i f i c a n t l y  affect  t h e  s t r a i n  
l e v e l  a t  which t h e  pane l s  f a i l e d .  

Several photographs of  t h e  moire/-f r i n g e  p a t t e r n  taken  during t h e  r e s i d u a l  
s t r e n g t h  test of  panel  B7 are shown i n  f i g u r e  11 a long  wi th  a photograph of  t h e  

f a i l e d  panel .  The moir&fringe p a t t e r n  shows cons ide rab le  lateral deformation 

of  t h e  panel  c e n t e r ,  which may be due t o  impact-induced delaminat ion o r  s k i n  

buckl ing.  When t h e  pane l  was damaged by impact ,  a r educ t ion  i n  app l i ed  load of 

28.9 kN was measured. The 28.9-kN load  r educ t ion  approximately corresponds t o  

t h e  load which t h e  h igh -ax ia l - s t i f fnes s  region beneath t h e  c e n t e r  s t i f f e n e r  is 

c a l c u l a t e d  t o  c a r r y  f o r  an imposed s t r a i n  o f  0.0030. The panel  f a i l ed  a t  an 

app l i ed  s t r a i n  of 0.0046 which is 58 percent  of  t h e  des ign  va lue .  P 


Panel B8 had an app l i ed  a x i a l  s t r a i n  of  0.0040 (50 percent  of design b
s t r a i n )  and f a i l e d  c a t a s t r o p h i c a l l y  on impact.  The f a i l u r e  was similar t o  t h e  
u l t i m a t e  f a i l u r e  of  panel  B7. Af te r  f a i l u r e  t h e  panel  was cross-sect ioned and 
examined with a microscope. This  examination revea led  cons iderable  i n t e r i o r  
damage i n  t h e  lamina te  near  t h e  impact l o c a t i o n .  Cracking similar t o  t h a t  
p rev ious ly  d iscussed  was a l s o  observed. The combination of appl ied  a x i a l  load 
and dynamic stress waves generated by the  p r o j e c t i l e  impact  forms a complicated 
three-dimensional  stress f i e l d  i n  the  o r t h o t r o p i c  lamina tes  of these tes t  
pane ls .  This  s i t u a t i o n  sugges t s  t h a t  a s i m p l e  c r i t e r i o n  may not  be  adequate 
t o  p r e d i c t  pane l  f a i l u r e .  

Impact-damage c h a r a c t e r i z a t i o n :  A comparison of test  results f o r  impact 
damage i n  the  h igh -ax ia l - s t i f fnes s  region i n d i c a t e s  both similari t ies and 
d i f f e r e n c e s  i n  t h e  r e su l t s  f o r  pane l s  of  design A and des ign  B. The e x t e n t  of  
l o c a l  damage induced by impact increased  wi th  the  magnitude of  appl ied  a x i a l -
compression s t r a i n  f o r  both des igns .  The des ign  A pane ls  sa t isf ied the  design-
s t r a i n  requirements  wi th  t h e  presence of impact damage and a l s o  exhib i ted  post-
buckl ing behavior .  The design B pane l s ,  however, f a i l ed  due t o  impact damage 
a t  appl ied  a x i a l  s t r a i n s  between 50 and 58 percent  of t h e  design s t r a i n  l e v e l .  
F a i l u r e  s t r a i n s  f o r  impact-damaged panels  and t h e  c o n t r o l  panel  w i t h  c i r c u l a r  
cu tou t  can be compared i n  f i g u r e  12. Limited l o c a l  impact damage t h a t  was 
not  no t i ceab le  by v i s u a l  i n spec t ion  (pane l  B 6 )  reduced the  u l t i m a t e  s t r e n g t h  
of the  design B pane l s  as much as ex tens ive  v i s i b l e  l o c a l i z e d  damage (panel  B7). 
A l l  t h r e e  of the  design B pane ls  damaged by impact f a i l e d  a t  lower appl ied  
s t r a i n  l e v e l s  than t h e  c o n t r o l  t es t  panel  wi th  t h e  1.27-cm-diameter cu tou t .  
The damaged region caused by impact,  however, was larger than t h e  cu tou t .  For 
a l l  design B pane ls  t he  damage i n  t h e  h i g h - a x i a l - s t i f f n e s s  region p r e c i p i t a t e d  
f a i l u r e  at an a p p l i e d  s t r a i n  w e l l  below the  design s t r a i n  l e v e l .  

The r e s u l t s  of  t h i s  i n v e s t i g a t i o n  sugges t  t h a t  impact causes  cons iderable  
delaminat ion,  and examination of t h e  panel  c r o s s  s e c t i o n  showed t h a t  t he  
delaminat ion occurred p r imar i ly  a t  t he  i n t e r f a c e  between t h e  Oo and 4 5 O  p l i e s  
( f i g .  9 ) .  The discrete  layers  formed by delaminat ion may not  be midplane sym
metric and,  t h e r e f o r e ,  e x h i b i t  a n i s o t r o p i c  coupl ing e f f e c t s .  The boundaries 
of t hese  d i s c r e t e  l a y e r s  are h ighly  i r r e g u l a r  ( f i g .  IO) and are subjec ted  t o  
high in t e r l amina r  normal and shear stresses. Also,  delaminat ion reduces t h e  
l o c a l  c ros s - sec t iona l  bending s t i f f n e s s  and causes  l o c a l l y  e c c e n t r i c  loading  
which in t roduces  t r a n s v e r s e  shear  f o r c e s  and moments not  p re sen t  i n  the  
undamaged panel .  These l o c a l  e c c e n t r i c  f o r c e s  and a n i s o t r o p i c  e f f e c t s  cause 
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l o c a l  deformations and s t r a i n  g r a d i e n t s  t o  occur  i n  t h e  delaminated reg ion  t h a t  
could be s u f f i c i e n t  t o  make l o c a l  geometric- and mater ia l -proper ty  n o n l i n e a r - .  
i t i es  important f a c t o r s .  S ince  these  e c c e n t r i c a l l y  loaded l a y e r s  are th inne r  
and less  stiff than  t h e  undamaged laminate, they  can buckle l o c a l l y  a t  a lower 
load than t h e  undamaged laminate. This  buckl ing could cause a l o c a l  load 
r e d i s t r i b u t i o n  i n  t h e  pane l  t h a t ,  i n  t u r n ,  could cause t h e  damage t o  propagate  
and the  pane l  t o  f a i l .  The resu l t s  of  t h i s  i n v e s t i g a t i o n  sugges t  t h a t  h ighly  
e f f ic ien t  graphite-epoxy h a t - s t i f f e n e d  compression pane l s  designed for high
s t r a i n  (0.0080) can e x h i b i t  s e r i o u s  degrada t ion  due t o  impact damage; however, 
e f f i c i en t  damage-tolerant des igns  can be obta ined  f o r  more moderate design 

1 s t r a i n s .  

Impact damage-in t h e  low-axia l - s t i f fness  region.- I n  o rde r  t o  eva lua te
' - I t h e  effect  o f  damage i n  t h e  angle-ply,  low-axia l - s t i f fness  r eg ion ,  pane l  B9 

w a s  damaged by impact i n  t h e  s k i n  reg ion  between s t i f f e n e r s  (+45O f o r  t h e  
design B pane l s ) .  The 	pane l  w a s  loaded t o  an app l i ed  a x i a l  s t r a i n  of  0.0040 

(See t a b l e  11.1 No reduc t ion  i n  t h e  app l i ed  load  uponwhen impact occurred.  
impact was observed and no increase i n  a x i a l  s t r a i n  was noted i n  t h e  gage near  
t h e  p o i n t  of  impact. Although some local f i b e r  f a i l u r e  and delaminat ion was 
observed,  t h e  f a i l u r e  d i d  no t  propagate .  After impact t h e  pane l  was loaded t o  
an appl ied  s t r a i n  of  0.0054 without  propagat ion of l o c a l  damage. A t  t h i s  load  
the  panel  was damaged i n  t h e  remaining +45O s k i n  region between s t i f f e n e r s .  
(See t a b l e  11.) No l o s s  i n  load nor i n c r e a s e  i n  s t r a i n  near  t h e  po in t  of  
impact was de tec t ed .  This  pane l  w a s  subsequent ly  loaded t o  an app l i ed  s t r a i n  
o f  0.0062 a t  which a moir&fringe p a t t e r n  was observed i n  t h e  end r eg ions  (see 
f i g .  13) similar t o  t h a t  observed f o r  t h e  undamaged test panel .  A l o c a l  f r inge  
p a t t e r n  can be seen i n  t h e  f i g u r e  a t  each impact l o c a t i o n .  

Following t h i s  t es t  the  panel  was inspec ted  u l t r a s o n i c a l l y  t o  evaluate  t h e  
e x t e n t  of t h e  damaged reg ion .  The subsurface-damage reg ion  is  o u t l i n e d  on t h e  
panel  i n  f i g u r e  13. The two damaged reg ions  are about  t h e  same s i z e ,  which 
i n d i c a t e s  t h a t  t h e  magnitude of  t h e  appl ied  s t r a i n  had no apparent  e f f e c t  on 
t h e  ex ten t  of l o c a l  damage. These r e s u l t s  i n d i c a t e  t h a t  impact damage i n  t h e  
reg ions  having high a x i a l  s t i f f n e s s  is s i g n i f i c a n t l y  more de t r imen ta l  than i t  
is i n  reg ions  of low a x i a l  s t i f f n e s s .  

CONCLUDING REMARKS 

An exp lo ra to ry  i n v e s t i g a t i o n  was conducted t o  determine t h e  effect  of 
low-veloci ty  impact.  damage on the  compression s t r e n g t h  o f  graphite-epoxy ha t -
s t i f f e n e d  panels .  Fourteen panels  were t e s t e d  i n  t h i s  i n v e s t i g a t i o n  and t h e  
r e s u l t s  i n d i c a t e  t h a t  low-veloci ty  impact,  t y p i c a l  of  t h a t  which may be 
i n f l i c t e d  by runway d e b r i s ,  can have a s i g n i f i c a n t  effect  on p a n e l  compres
s i o n  strength. Runway-debris hazards  were s imulated i n  t h i s  s tudy by 1.27-cm
diameter aluminum sphe res  impacting a t  v e l o c i t i e s  around 55 m / s .  High- and 
low-ax ia l - s t i f fnes s  r eg ions  of  t h e  panel  c r o s s  s e c t i o n s  were sub jec t ed  t o  
impact. The impacting sphere  caused l o c a l  damage i n  both r eg ions .  Damage 
i n  t h e  low-ax ia l - s t i f fnes s  reg ion  was found t o  have l i t t l e  e f fec t  on panel  
s t r e n g t h .  D a m a g e  i n  t h e  h igh -ax ia l - s t i f fnes s  reg ion  of pane ls  designed f o r  
1.58 MN/m a t  a s t r a i n  o f  0.0080 caused these  pane ls  t o  f a i l  a t  app l i ed  a x i a l  
s t r a i n s  50 t o  58 percent  of t h e  design l e v e l .  Damage i n  t h e  high-axial
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s t i f f n e s s  reg ions  of pane l s  designed f o r  0.53 MN/m a t  a s t r a i n  of  0.0034 was 
conbained l o c a l l y  and t h e s e  pane l s  were capable  of c a r r y i n g  t h e  des ign  load .  

The e x t e n t  of  l o c a l  damage induced by impact i n  r eg ions  o f  high a x i a l  
s t i f f n e s s  w a s  found t o  i n c r e a s e  w i t h  t h e  magnitude of  app l i ed  axial-compression 
s t r a i n  p r e s e n t  a t  impact.  The ex i s t ence  o f ,  and n o t  n e c e s s a r i l y  t h e  e x t e n t  o f ,  
l o c a l  damage was found t o  be t h e  s i g n i f i c a n t  f a c t o r  i n  reducing t h e  s t r e n g t h  
of  pane ls  designed f o r  1.58 MN/m. Limited l o c a l  damage t h a t  was no t  v i s u a l l y  
d e t e c t a b l e  (bu t  which could be i d e n t i f i e d  by u l t r a s o n i c  i n s p e c t i o n )  reduced t h e  
u l t i m a t e  s t r e n g t h  as much as ex tens ive  v i s i b l e  damage. Impact caused cons ider 
a b l e  delaminat ion and t h e  d i s c r e t e  l a y e r s  t hus  formed can e x h i b i t  a n i s o t r o p i c  r 
effects. Such delaminat ion a l s o  in t roduces  l o c a l  e c c e n t r i c  f o r c e s  i n  t h e  pane l  
t h a t  develop high normal and shea r  stresses a t  t h e  boundary of t h e  delaminated 
r eg ion ,  and these  delaminated r eg ions  can buckle  l o c a l l y  a t  reduced app l i ed  i.r 
l oads .  These effects  could c o n t r i b u t e  t o  l o c a l  load  r e d i s t r i b u t i o n  i n  t h e  
pane l  and cause t h e  damage to  propagate .  

A panel  designed f o r  1.58 MN/m was tested t o  f a i l u r e  w i t h  a 1.27-cm
diameter cu tou t  i n  t h e  reg ion  of  high a x i a l  s t i f f n e s s  t o  provide comparative 
data f o r  a panel  w i t h  a well-defined flaw. Two types  of  l o c a l  f a i l u r e  were 
observed near  t he  c u t o u t .  F i r s t ,  l o c a l i z e d  material f a i l u r e  occurred a t  t h e  
cu tou t  boundary'. Second, l o c a l  buckl ing i n  t h e  r eg ion  of  t h e  cu tou t  was 
observed p r i o r  t o  f a i l u r e .  The l o c a l  buckl ing subsequent ly  p r e c i p i t a t e d  panel  
f a i l u r e  a t  73 percent  of  t h e  design s t r a i n  l e v e l .  This  s t r e n g t h  r educ t ion  was 
no t  as severe  as t h a t  caused by impact damage; however, t h e  cu tou t  was smaller 
than t h e  impact-damaged areas. 

The r e s u l t s  of  t h i s  exp lo ra to ry  i n v e s t i g a t i o n  sugges t  t h a t  h ighly  e f f i 
c i e n t  graphite-epoxy h a t - s t i f f e n e d  compression pane l s  designed f o r  a 0.0080 
s t r a i n  l e v e l  can e x h i b i t  s e r i o u s  compressive s t r e n g t h  degrada t ion  due t o  low-
v e l o c i t y  impact damage. However, pane ls  designed f o r  more moderate s t r a i n s  

(0.0034, f o r  example) are not  degraded by such impacts even i n  r eg ions  o f  high 

a x i a l  s t i f f n e s s .  


Langley Research Center 

National  Aeronaut ics  and Space Adminis t ra t ion 

Mampton, VA 23665 

February 7 ,  1977 
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TABLE I.- ELASTIC MATERIAL PROPERTIES USED I N  PANEL DESIGNS 

Longi tudina l  modulus, GN/m2 ( l b f / i n 2 )  . . . . . . .  131 (19.0 I O 6 )  
Transverse modulus, GN/m2 ( l b f / i n 2 )  . . . . . . . .  13.0 (1.89 x I O 6 )  
Shear  modulus, GN/m2 ( l b f / i n 2 )  . . . . . . . . . .  6.41 (0 .93  x I O 6 )
Major Poisson ' s  r a t i o  . . . . . . . . . . . . . . . . . . . . .  0.38 
Densi ty ,  g/cm3 ( lbm/in3)  . . . . . . . . . . . . . .  1 .,52 (0.055) 
P ly  t h i c k n e s s ,  mm ( i n . )  . . . . . . . . . . . . . . . .  0.14 (0.0055) 
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TABLE 11.- TEST CONDITIONS AND RESULTS 

Pane l  d a t a  Load c o n d i t i o n  d a t a  Cutout  and impact  test  d a t a  Res idua l  s t r e n g t h  

Test Length, Width, * Load, V e l o c i t y ,  Load a f t e r  Subsur face  Load,
No. cm cm �a  �a/'D kN Response m/s Locat ion impact ,  damage �a  �aIED kN 

kN s i z e +  
__________________ I 

Cont ro l  Undamaged IDesign A A1 40.4 17.8 0.0032 0.94 100 Buckled 

pane l s  I 
I E =~ 0.0034 A2 40.4 17.8 0.0035 1 .03  107 Buckled 

I A3 43.7 28.7 0.0037 1.09 162 Buckled 
I - - _ _ - - - - - - - - - - - - - - - - - - - - - - -
IDesign B B1 40.6 22.1 0.0072 0.90 
I 

402 Ul t ima te  

I ~ D  0.0080. 82 40.6 22.1 0.0080 1.00 443 Ultimate 
I 
I B3 40.6 22.1 0.0082 1 .03  453 Ul t ima te  

= 

I 

I 84 40.6 22.1 0,0082 1.03 453 Ul t ima te  
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - - - - - - - - - - - - - - - - - - 

1.27-cm-

0.0037 1.09 .140 

I a v a i l a b l e  
0.0046 0.58 34 

I B8 40.6 36.8 0.0040 0.50 351 57.9 L 0 C a t a s t r o p h i c  
f a i l u r e  on 

--v-+w- impact  

B5 40.6 36.8 
d i ame te r  I 
c u t o u t  I 

I ~ 

Impact Damage i n  !Low a x i a l  A4 43.7 28.7 0 0 0 0 Width o f  h a t  0.0036 1.05 166 
damage high-axial-!  l oad  base  by 

s t i f f n e s s  I 
r eg ion  , 

6.4 cm long  

A5 43.7 40.1 0 0 '  0 51.5 0 Width o f  h a t  0.0034 1.00 197 
cap  by 3.6 c 

I 
I 86 40.6 36.8 0.0003 0.04 22.2 50.6 22.2 2.5 cm wide bj  0 .0043 0.54 374 
I 3 .8  cm long  - - - - - - -, 

l ong  

s t i f f n e s s  I 5.1- t o  
r eg ion  I 0.0054 0.69 469 6.44111 spikc 0.0062 0.78 $53 

I a t  450 
I * 
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( a )  Design A.  Axial s t r a i n  equa l s  0.0034 a t  app l i ed  des ign  
load  o f  0 .53  MN/m. Axial  s t i f f n e s s  ( E A )  of  t y p i c a l  
r epea t ing  element is 16.5 MN.  

3.68 4 


( b )  Design B. Axial  s t r a i n  e q u a l s  0.0080 a t  app l i ed  design 
load of  1.58 MN/m. Axial  s t i f f n e s s  (EA)  of  t y p i c a l  
r epea t ing  element is  31.7 MN.  

Figure 1.- Design d e t a i l s  of  t y p i c a l  s t i f f e n e r  c r o s s  s e c t i o n s  
(dimensions i n  cm). 
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Figure 2.- Schematic drawing of a i r  gun and velocity detector. 



( a )  Panel A I  designed fo r  s t r a i n  of 0.0034 ( b )  Panel B2 designed f o r  s t r a i n  of  0.0080 
loaded t o  s t r a i n  of 0.0036. loaded t o  s t r a i n  of 0.0079. 

1-77-142 
Figure 3 .  - Photographs of  moir&fringe p a t t e r n s  f o r  t y p i c a l  undamaged panels  

during compression tes ts .  
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Figure  4 . - Compression load - s t r a in  curves  a t  f i v e  l o c a t i o n s  
a c r o s s  pane l  B5  which has 1.27-cm-diameter cu tout  i n  high
a x i a l - s t i f f n e s s  reg ion  of c e n t e r  s t i f f e n e r .  
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Figure  5.- S t r a i n  measured i n  v i c i n i t y  of 1.27-cm-diameter c u t o u t  
on panel  B5 (fX denotes  measured s t r a i n  a t  i n d i c a t e d  l o c a t i o n  
a t  app l i ed  axial s t r a i n  ea) .  
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( a )  E a  = 0.0048. (b)  ca = 0.0048. ( c )  E a  = 0.0050. 

( d )  E a  = 0.0055. 

Figure 6.- Photographs of moir&fringe p a t t e r n s  of panel B5 a t  several va lues  
of appl ied  ax ia l  s t r a i n  Ea. 



(a) Photagr%ph o f  mairg-fringe pa t te rn  of buckled 
panel  a t  app l i ed  axial s t r a i n  of 0.0835. 

(b)  Panel a f te r  f a i l u r e .  

I n s e r t  shows region of subsurface damage. 
L-77-144 

Figure 7.- Panel A4 (after impact i n  high-axial-stiffness reg ion  while at zero 
appl ied axial s t r a i n )  before  and af te r  f a i l u r e .  



( a >  Photograph of moire)-fringe p a t t e r n  a t  appl ied (b) Panel a f te r  f a i l u r e ,  
axial  s t r a i n  of 0.0041 showing development o f  
f r i n g e  p a t t e r n  near  po in t  of impact. I n s e r t  
shows region t y p i c a l  o f  subsurface damage i n  

similar t e s t  panel.  

L-77- 145 

Figure 8.- Panel B6 (after impact i n  h igh -ax ia l - s t i f fnes s  region while a t  appl ied

s t ra in  of 0.0003) before  and a f t e r  f a i l u r e .  



L-77- 2 46 

Figure  9.- Photomicrograph of cross s e c t i o n  of  high

a x i a l - s t i f f n e s s  reg ion  of pane l  similar t o  B6 after 
being sub jec t ed  t o  impact damage a t  zero a p p l i e d
axial  s t r a i n .  



( a )  Photograph of moir6-fringe p a t t e r n  of 
buckled panel  a t  appl ied  ax ia l  strain 
of 0.0031. 

( b )  Panel a f te r  f a i l u r e .  

L-77- 147 
Figure 10.- Panel A 3  (af ter  impact i n  h igh -ax ia l - s t i f fnes s  reg ion  while  a t  

appl ied  s t r a i n  of 0.0034) before and a f te r  f a i l u r e .  



‘(a> Panel  w i t h  zera app l i ed  s t r a i n .  (b) Panel at app l i ed  strain 
of 0.0021. 

Cc2 Panel a t  app l i ed  s t ra in  ( d ]  Panel  af ter  f a i l u r e .  
of 0.0043. 

L-77- 198 
Figure  11.- Panel  B7’ (after impact in high-axial-stiffness region 

while at app l i ed  s t r a i n  of 0.00301 befor-e and after fa i lwe .  
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Figure 12.- Fa i lu re  s t r a i n s  f o r  panels damaged by impact i n  
high-axial-s t i f fness  region and f o r  c o n t r o l  panel. 



locati.ons 

Figure 13 .- Photograph of moirg-fringe pattern for panel B9 
at applied axial strain of 0.0062 with impact damage at 
two locations in low-axial-stiffness region. 
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